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Abstract
The frequency-modulated continuous-wave radar is an ideal choice for autonomous vehicle 
and surveillance-related industries due to its ability to measure the relative target-velocity, 
target-range, and target-characterization. Unlike conventional microwave radar systems, 
the photonic radar has the potential to offer wider bandwidth to attain high range-resolution 
at low input power requirements. Subsequently, a frequency-modulated continuous-wave 
photonic-radar is developed to measure the target-range and velocity of the automotive 
mobile targets concurrently with acceptable rang resolution keeping in mind the needs of 
the state-of-the-art autonomous vehicle industry. Furthermore, the target-identification is 
also an important parameter to be measured to enable the futuristic autonomous vehicles 
for the recognition of the objects along with their dimensions. Therefore, the reported work 
is extended to characterize the target-objects by measuring the specular-reflectance, dif-
fuse-reflectance, the ratio of horizontal-axis to vertical-axis, refractive index constants of 
the targets using the bidirectional reflectance distribution function. Furthermore, the reflec-
tance properties of the target-objects are also measured with different operating wave-
lengths at different incident angles to assess the influence of the operating wavelength and 
the angle at which the radar-pulses incident on the surface of the targets. Moreover, to vali-
date the performance of the demonstrated work, a comparison is also presented in distinc-
tion with the conventional microwave FMCW-RADAR.
Keywords FMCW · Photonic-radar · RADAR · LRCS · BRDF
1 Introduction
Recent developments in sensor technology, imaging, radar, light detection and ranging, 
electronics, and artificial intelligence have enabled the state-of-the-art autonomous vehi-
cles (AVs) to provide significant services including collision avoidance, blind-spot moni-
toring, lane departure warning, or park assistance (Bimbraw 2015; Self-Driving Cars 
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Explained). To synchronize the operation of such systems through sensor-fusion allows the 
self-driving vehicles to monitor their surroundings and take evasive actions to prevent the 
probable road hazards (Self-Driving Cars Explained; Thrun 2010). To attain these objec-
tives, the measurement of target-velocity and range concurrently with high precision is 
essential. This can be performed with the knowledge of signal processing Doppler shift 
(Tsui 2004; Haykin 2006; Scheer and Kurtz 1993). Therefore, most of the advanced AVs 
are equipped with various expensive signal processing modules, high precision cameras, 
and high-end sensors but still offer the target-detection to a few meters only. Thus, the 
automotive industry is looking for other cost-effective approaches in the last few years to 
improve the accuracy of the self-driving vehicles with extended target-range detection and 
range-visibility (Sharma and Sergeyev 2020). In contrast to the conventional microwave 
radar, Photonic-radar (PHRAD) offers accurate and improved range-speed resolution with 
low power requirements (Allen et al. 2002; Yang et al. 2007). Moreover, it is economical, 
small in size, and can be easily installed. However, PHRAD is susceptible to the noise 
because of the low-power of the returned pulses and wide-bandwidth of the detection elec-
tronics that lead to inaccuracies in the measurement of round-trip time. For these reasons, 
the frequency-modulated continuous-wave (FMCW)-PHRAD comes out as a cost-effective 
alternative. The FMCW-PHRAD continuously emits the frequency-modulated light pulses 
with sawtooth or triangular function towards the target through the free space (Karlsson 
and Olsson 1999).
In addition to the target-detection, range, and relative radial-velocity measurements with 
required resolution, the target categorization, and identification is also highly required in 
AV related industry. To make optimal decisions according to the instantaneous situation 
promptly, the AV vehicles are required to differentiate and recognize the mobile or immo-
bile targets. To meet this need, PHRAD has the potential to offer high-angular-resolution 
imagery due to its narrow beam divergence that allows better identification of the adjacent 
targets compared to the traditional microwave radar (Hata and Wolf 2016). To validate a 
target by a photonic-radar equipped self-driving vehicle is dependent on many variables, 
including distance, interrogation pattern and resolution, reflectivity, and the shape of the 
objects being examined. To classify and recognize a target, the laser radar cross-section 
(LRCS) parameter is usually computed by measuring the optical properties of the tar-
get. The radar cross-section is based on the bidirectional reflectance distribution function 
(BRDF), a radiometric concept used to recognize the objects based on electromagnetic 
wave reflection theory and to measure the high and/or low observability of an object (Cao 
et  al. 2017). Several research methods have been reported for the measurements (Sevgi 
et al. 2013; Wong et al. 2006; Muth et al. 2005) and theoretical calculations (Lim 2011; Li 
2016; Alfonzetti and Borzì 2000; Carpentieri 2007; Han et al. 2013; Rius et al. 1993; Ueng 
and Yang 2009; Liu et al. 2013) of LRCS considering the object-material, geometry, rough-
ness, wavelength, incident angle, and other various parameters. To measure the LRCS of 
the natural and non-natural objects, BRDF relates the incident and reflected radiance and 
performs unproblematic scattering computations to evaluate the optical characteristics 
of the target (Cao et al. 2017). In literature, diverse surface models for BRDF have been 
developed and analyzed to measure the 3D light scattering characteristics. However, lofty 
data is required to accurately investigate the light scattering properties of a target in free-
space which limits the experimental consciousness to put into practice. Hence, to overcome 
this setback, a five parameter BRDF function based on Torrance–Sparrow model, is devel-
oped (Zhang et al. 2010), including the specular reflectance, diffuse reflectance, the ratio 
of horizontal-axis to vertical-axis, and refractive index constants to observe the reflectance 
behavior of various targets. RCS is wavelength and surface material-dependent factor to 
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determine the shape and type of the target. The majority of the prior research on the radar 
cross-section and BRDF is reported up to 1060 nm wavelength (Zhang et al. 2010; Wang 
and Ni-Meister 2019; Mungan 2000; Matthew et al. 2012; Li et al. 2016). Researchers in 
Hasan et al. (2015) used Walthall BDRF model to estimate the RGB color value associated 
with LiDAR cloud-point by applying point by point BRDF correction approach for homog-
enous areas and is focused on the improvement of LiDAR cloud-point data. Further, Li 
et al. (2014) presented an integration method to establish the relation between the intensity 
data of PHRAD and BDRF. Moreover, based on the physical background, the authors char-
acterized the BRDF models into empirical, theoretical, and experimental categories. The 
empirical BRDF model provides a formulation for refection to reduce the computational 
complexity without considering the physical concepts. On the other hand, the theoretical 
BDRF models are physical concept-based models that lead to complex mathematical func-
tions with the burden of computational efforts. Meanwhile, the experimental BRDF mod-
els have been carried out to show the relevance of the empirical and theoretical models. To 
integrate the advantages of various BRDF models, the hybrid BRDF models are also being 
developed. To calibrate the scattering model and the correctness of the intensity data, the 
reflection- and scattering-properties of different targets have been examined in the earlier 
reported literature for a radar system but the reflection properties beyond 1060 nm have not 
been explored extensively.
Therefore, the authors, in this work, develop a 77-GHz FMCW-PHRAD radar along 
with target-identification capability in 1550 nm band to carry out target-detection by com-
puting the range-speed response pattern using MATLAB™ software. The target-charac-
terization is attained by evaluating the BRDF function at different operating wavelengths 
and at different incident angles. The five-parameter based BRDF is computed by measur-
ing the specular-reflectance, diffuse-reflectance, the ratio of horizontal-axis to vertical-axis, 
refractive index constants for two target-objects, i.e. the polyimide film and silver tin-foil, 
considered in this work. As the LiDAR cloud-point using the conventional BRDF func-
tion is not a storage-effective approach and requires thousands of coefficients to create an 
informative data-set, the authors modified the established photonic-radar by incorporating 
a logarithmic BRDF function to reduce the storage requirements. A contrast with the con-
ventional BRDF approach is also presented. The rest of the manuscript is structured as 
Sect. 1 illustrates the introduction and earlier reported literature related to the automotive 
radar with its futuristic challenges and requirements. Section 2 describes the brief work-
ing principle of the demonstrated photonic-radar along with a detailed system description, 
whereas its observations are outlined in Sect. 3. The reflection characteristics of the targets 
by measuring the BRDF function are reported in Sect. 4 and is followed by the conclusion 
part of Sect. 5.
2  System modeling
The FMCW-PHRAD system is developed using  MATLABTM with the primary objective 
of avoiding the collision between the AVs by accurately estimating the distance between 
the target-vehicle and radar mounted vehicle simultaneously and unambiguously. To attain 
the secondary objective of measuring the LRCS of the different targets for their characteri-
zation and identification, the demonstrated system is further extended by incorporating the 
BRDF function. The basic principle of the PHRAD works on the Doppler Effect where the 
reflected signal is a time-delayed replica of the transmitted signal and by measuring this 
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time-delay, the target-range is estimated. A triangular linear frequency modulated wave-
form (RF-LFM) is generated using a local waveform generator at 77 GHz in this work. As 
the signal is always a linear sweeping through a frequency band, the frequency difference 
between the Doppler-frequency and transmitted-frequency, known as the beat frequency 
remains constant. Thus, the time-delay can be easily calculated from the beat frequency 
which further translates into the target-range and velocity. As the FMCW signal occupies 
wide bandwidth signals, the sampling rate should be at least two times the bandwidth. 
However, this high sample rate imposes stress on the analog to digital converters due to 
the power constrains and restriction of a number of effective bits. To reduce the burden 
on analog to digital converter and to accommodate the power constrains and the effective 
number of bits issue, the sample rate is considered twice the maximum beat frequency in 
this work. Generally, the sweep-time for FMCW radar is preferred as five to six times of 
the round-trip time and in this work, the authors have considered the sweep-time as 5.5 of 
the round-trip time. Moreover, the maximum detection-range of 200 m of the demonstrated 
radar is considered and the maximum velocity of 230 km/h of each target-vehicle is mod-
eled in this work. The demonstrated PHRAD is carried out with the parameters of sweep 
time = 7.33  µsec, sweep bandwidth = 150  MHz, and sample rate = 150  MHz. These RF-
LFM generated waveforms are then widened by optical modulating over light pulses of a 
continuous laser of the operating wavelength of 1550 nm by means of an optical modulator. 
Since the short optical pulse is needed to attain maximum range resolution and it depends 
on round-trip time of the optical signals propagated between the transmitters and receivers 
(Harris et al. 2002; Mao et al. 2012), consequently, there is always as a tradeoff between 
the range- and velocity-resolution. To minimize the tradeoff between the range- and veloc-
ity-resolution, the optical treated RF-LFM signals of 77 GHz to realize an FMCW-PHRAD 
offers frequency chirped long optical-pulses with low peak power requirements (Harris 
et  al. 2002; Mao et  al. 2012). Moreover, the AV radars usually operate at both 24 GHz 
and 77 GHz frequency band. A high bandwidth (≈ 4 GHz) at the operating frequency of 
77 GHz in distinction with 24 GHz band (≈ 200 MHz) can be attained. That is why the 
light-based radar manufacturers have moved towards the 77  GHz frequency band. This 
wide-bandwidth increases the range- and velocity-resolution to identify the closely spaced 
targets and improves the radar-accuracy (Ramasubramanian and Ramaiah 2018).
This intensity-modulated long optical pulses are amplified using an optical amplifier and 
then, transmitted over the free space channel towards the illuminated targets. A beam colli-
mator is used to transmit and receives these optical modulated wider chirps via a free space 
channel without considering the adverse atmospheric fluctuations. The target scenario is 
modeled by assuming that the target-vehicles are moving at different distances ahead of 
the radar-mounted vehicle at different velocities to test and investigate the effectiveness of 
the demonstrated photonic-radar. The radar cross-section of the target is computed based 
on the distance between the radar-equipped vehicle and the target-vehicle (Karnfelt et al. 
2009). The radar-equipped vehicle is modeled at a velocity of 100 km/h along the x-axis 
for all the considered scenarios in this work and the targets are approaching it at different 
relative speeds.
To measures the beat frequency signal, the received signal reflected from the target is 
mixed with the transmitted signal after re-converted into electrical signals using a photo-
detector of Responsivity of 0.8  m/A. After the mixing, the dechirped signal contains only 
individual frequency components that correspond to the target-range. As it is not feasible to 
extract the Doppler information from a single sweep, a definite number of de-chirp signals is 
kept in a buffer, and in this work, the authors used 64 sweeps. Once the buffer is filled with 
64 sweeps, the Fourier transformation is performed to extract the beat frequency and Doppler 
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shift to measure the range and relative speed of the target vehicle (Gao et al. 2012; Adany 
et al. 2009). The single chirp FMCW waveform can be expressed as (Hinz and Zölzer 2011):
where ‘t’ is the variable time within the single chirp period, ‘fs’ is the start frequency of the 
chirp, and α indicates the sweep-rate, which is defined as the ratio of the chirp-bandwidth 
(B) divided by the chirp-duration (T). The received signal is a time delay replica of the 
transmitted signal which can be expressed as (Hinz and Zölzer 2011) 
Where ‘A’ represents the attenuation during round-trip time of the signal to propagate from 
the radar system to the target and back. In mathematical terms, the beat frequency signal of 
a static point target is expressed in the following equation (Hinz and Zölzer 2011) 
Then, the zero intermediate frequency echo signal is obtained as
This beat signal is sampled with frequency fs = 1/Ts during each ramp and can be expressed 
as (Song et al. 2014):
The Fourier Transform of Eq. (5) for each ramp can be represented as
where p = nTs
(
f휏 + fd
)
 , fτ = Instantaneous frequency, fc = carrier-frequency, and fd = Dop-
pler-frequency. Therefore, the information for range and velocity is stored in signal rep-
resented by Eq.  (5) which is calculated for one modulation period. If the target speed 
is ‘v’, and its initial position is ‘R0’, then the delay ‘τ’ of the echo signal is measured as 
휏 =
2(R0+vt)
c
 . By substituting the value of ‘τ’ in Eq.  (4), the zero intermediate frequency 
echo of the FMCW signal is measured (Yue et al. 2019) as
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3  Observations and discussions
To validate the effectiveness of the demonstrated photonic-radar system, a comparison 
with the conventional FMCW-RADAR is required to be established. Therefore, initially, a 
conventional microwave FMCW-RADAR is modeled and investigated at sweep bandwidth 
of 150 MHz and a range resolution of 1 m. The target-vehicle is assumed at a distance of 
43 m from the FMCW-RADAR and is traveling at a velocity of 96 km/h, i.e. at a relative 
velocity of 1.11 m/s with respect to the radar equipped-vehicle. The power spectral density 
and range-response mapping for FMCW-RADAR is shown in Fig. 1. The radar equipped-
vehicle is modeled at a speed of 100 km/h using  MATLABTM for all the scenarios dis-
cussed in this work. The propagation channel is modeled without considering the influence 
of atmospheric fluctuations.
Further, three different target-scenarios are modeled to be tested using the demonstrated 
FMCW-PHRAD to validate its feasibility and potential in comparison with the FMCW-
RADAR. In Scenario 1, the target-vehicle is modeled with the same distance and veloc-
ity as that of the above-mentioned Scenario. In Scenario 2, the target-vehicle is assumed 
at a distance of 70 m moving at a speed of 80 km/h, i.e. at a relative velocity of 5.55 m/s 
Fig. 1  a Power spectral density, and b range-speed response of conventional FMCW-RADAR at a resolu-
tion of 1 m
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Fig. 2  Power spectral density of FMCW-PHRAD at a resolution of 1 m for a Scenario 1, b Scenario 2, and 
c Scenario 3
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ahead of the PHRAD-equipped vehicle. The target-range is increased to 100  m moving 
at a speed of 50 km/h with a relative velocity of 13.88 m/s in Scenario 3. Figure 2 shows 
the power spectral density for beat frequency and the de-chirped signal corresponding to 
each modeled scenario. A decrease in the peak of beat frequency is observed correspond-
ing with the distance between the target-vehicle and PHRAD-equipped vehicle. Moreover, 
a frequency-shift as a function of the relative velocity can be seen. The intensity of the beat 
frequency  (Ib), is dependent on original wave intensity  (Io), Doppler-shifted signal intensity 
 (Io), and phase difference (Φ) between Doppler frequency and original frequency which 
can be expressed as (Yue et al. 2019):
As the range of target increased, the attenuation of the signal in the free-space propaga-
tion model elevated due to transmission impairments, hence the effect on beat frequency 
intensity is observed. Moreover, the beat frequency is an absolute difference of Doppler 
frequency and frequency of originally generated signal and proportional to target-velocity 
which leads to beat frequency shift as shown in Fig. 2. In comparison with the power spec-
tra of FMCW-RADAR as shown in Fig. 1a, the FMCW-PHRAD as shown in Fig. 2a with 
the same target properties, offers a high peak-power of the measured beat signal and is, 
therefore, suitable for prolonged target-range. This is because of the potential of the pho-
tonic-radar to offer minimal beam-divergence, and thus, a smaller angular-resolution. Addi-
tionally, the range-Doppler response provides useful insight to measure the target position 
precisely. This is done by signal processing of FMCW systems which is quite helpful for 
the evaluation of range and relative velocity of the target vehicles. In this work, a range-
Doppler mapping is carried out by using a two-dimensional fast Fourier transform (FFT). 
Figure 3 shows the range-Doppler response for all the modeled scenarios and displays the 
exact position of the targets as a function of the target distance and its relative velocity with 
respect to the PHRAD-equipped vehicle. In comparison with the range-Doppler response 
of conventional RADAR as shown in Fig. 1b, the established PHRAD measures the target-
range and speed more unambiguously with high resolution.
The range resolution plays a vital role for target-detection as it decided the minimum 
detectable range of target and is directly proportional to the pulse-width and round-trip 
time. Thus, an extensive analysis is required to estimate the minimum target-range for 
unambiguous target-detection to obtain precision in real-world scenarios. Therefore, 
the work is extended to test the demonstrated FMCW-PHRAD at a range resolution of 
0.25 m for all three scenarios. To attain the range-resolution of 0.25 m, the sampling 
rate is considered as 600 MHz with sweep-bandwidth of 600 MHz due to the inversely 
proportional dependence of the range-resolution on the sweep-bandwidth. The power 
spectral density and range-Doppler mapping measurements for the established FMCW-
PHRAD are shown in Figs. 4 and 5. The outcomes reveal the ability of the photonic-
radar to measure the target-range and velocity concurrently even at the increased resolu-
tion of 0.25 m with precision but at the cost of additional burden on ADCs.
(8)Ib(t) = Io(t) + Id(t) + 2
√
Io(t)Id(t) + cos
�
2휋 ∫ t
0
fb(t)dt + 휑
�
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Fig. 3  Range-speed mapping of FMCW-PHRAD at a resolution of 1 m for a Scenario 1, b Scenario 2, and 
c Scenario 3
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Fig. 4  Power spectral density of FMCW-PHRAD at a resolution of 0.25 m for (a) Scenario 1, (b) Scenario 
2, and (c) Scenario 3
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Fig. 5  Range-speed mapping of FMCW-PHRAD at a resolution of 0.25 m for a Scenario 1, b Scenario 2, 
and c Scenario 3
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4  Target‑characterization
Besides the target-detection, the target-characterization is also quite imported to recognize the 
shape and target’s properties. The five parameters based BRDF function is a good choice to 
attain this objective by measuring the reflectance characteristics of the target-materials (Zhang 
et al. 2010). In addition to it, BRDF also plays an important role to improve the cloud-point 
data of the photonic-radar system. Therefore, it is necessary to examine the reflectance char-
acteristics of the target-materials, and hence, the demonstrated system is carried out in this 
direction by incorporating a five parameter based BRDF function. Generally, the target surface 
consists of two or more than two materials. Also, the coating of these materials holds several 
random particles on the target surface. Several models have been developed in the last few 
years to measure the optical properties of the different target materials for their classification 
and identification. The demonstrated FMCW-PHRAD used the Torrance–Sparrow model to 
measure the BRDF function at an operating wavelength of 1550 nm of the proposed system at 
different incident angles. The BRDF estimation at 1550 nm will be beneficial to improve the 
cloud-point data of the projected approach for better estimation of the target-range and veloc-
ity along with their classification. Moreover, this wavelength band is also safe to human-eye, 
unlike the infrared band. The relation between α and γ in the rectangular coordinate system 
can be estimated as (Zhang et al. 2010):
By incorporating the specular- and diffuse-reflection, the five parameters based BRDF 
function according to the Torrance-Sparrow model can be deduced as
Where G
(
휃i, 휃r,휑r
)
 is a shadowing function, which is estimated on the basis of the prob-
ability of shadowing and masking of the micro-facets with respect to the projections of 
휃i, 휃r,휑r denoted as 휃isph, 휃rsph, 훾sph respectively which can be described as (Zhang et  al. 
2010) 
where,
where 휎r = 0.0141, 휎sph = 0.0136, usph = 9.0, vsph = 1 are the empirical parameters 
to calculate the geometrical attenuation factor of the flux and the tangential factor of 
휃i
sph
, 휃r
sph
, 훾sph which can be estimated as
(9)훼 = cos−1
(
cos휃i + cos휃r
2cos훾
)
(10)훾 = cos−1
⎛⎜⎜⎝
�
cos 휃i cos 휃r + sin휃i sin 휃r cos �r + 1
2
�1∕2⎞⎟⎟⎠
(11)fr
(
휃i, 휃r,휑r
)
= kb
k2
r
cos훼
1 +
(
k2
r
− 1
)
cos훼
exp
[
b(1 − cos훼)a
]G(휃i, 휃r,휑r)
cos 휃r
+ kd
(12)G
(
휃i, 휃r,휑r
)
=
1 + wsph(훼) ⋅
|||tan휃isphtanrsph|||∕(1 + 휎rtan훾sph)[
1 + wsph(훼) ⋅ tan
2휃i
sph
]
⋅
[
1 + wsph(훼) ⋅ tan
2휃r
sph
]
(13)wsph(훼) = 휎sph
[
1 + usph sin 훼∕
(
sin 훼 + vsph cos 훼
)]
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In this work, the demonstrated FMCW-PHRAD is tested for BRDF measurements of the 
polyimide film and silver tin-foil as these are the most used material for the coating of 
targets in the automotive and aerospace industry. Polyimide is a type of polymer with high 
resistance to the temperature, mechanical-stress, radiation rays, and is widely used as an 
insulating and casing material in various areas like the automotive industry and aerospace 
due to its shiny nature. Therefore, it is a substantial material to be investigated at 1550 nm 
(14)tan 휃isph = tan 휃i
sin 휃i + sin 휃r cos휑r
2 sin 훼cos훾
(15)tan 휃rsph = tan 휃r
sin 휃r + sin 휃i cos휑r
2 sin 훼cos훾
(16)tan 훾sph =
||cos 휃i − cos 훾||
2 sin 훼 cos 훾
Fig. 6  BRDF measurements for polyimide film at the wavelength a 1550 nm, and b 1060 nm
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Fig. 7  BRDF measurements of silver tin-foil at a different wavelength at a incident angle of 30° b incident 
angle of 45°, and c incident angle of 60°
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which is not much explored earlier. The five parameters for polyimide film at 1060 nm are 
measured as kb = 5.439, kr = 3.257, b = −23.098, a = 0.495, kd = 2.267 (Zhang et al. 2010), 
and as kb = 40, kr = 2.1, b = −500, a = 0.495, kd = 0.925 at 1550 nm. The peaks at 1060 nm 
and 1550 nm in Fig. 6 show that the BRDF function is measured with elevated peaks and 
wider specular-widths at 1550 nm at different incident angles compared to the operating 
wavelength of 1060 nm. It is also observed that the specular peak is high at the incident 
angle, i.e. 60°. Moreover, the laser radiations are safer at 1550 nm and show good results as 
well to characterize the target surfaces.
Another important target-material tested in this work is the silver tin-foil due to its abil-
ity to block the electromagnetic waves in the range of 100 kHz to 300 GHz and is widely 
used material in AV related industries. Thus, it is interesting to investigate the optical prop-
erties for this material at various wavelengths. In this work, a comparison of silver tin-foil 
is presented at a wavelength of 650 nm, 1060 nm, and 1550 nm at different incident angles 
to analyze the BRDF. The five parameter values at 650 nm wavelength are measured as 
kb = 20, kd = 0.082, kr = 0.9, b = −420, a = 0.875 (Sun et al. 2010), and as kb = 35, kd = 0.075, 
kr = 2, b = −410, a = 0.915 at 1060 nm (Sun et al. 2010). The measured values at 1550 nm 
are as kb = 40, kd = 0.075, kr = 2.1, b = −500, a = 0.925. The BRDF of the silver tin-foil is 
shown in Fig. 7 at different wavelengths and incident angles.
It is observed that the specular peak of BRDF is higher at 1550  nm as compared to 
other wavelengths and augments with the increase of the incident angle. This shows the 
suitability of 1550 nm to be used in the FMCW-PHRAD system to measure the reflection 
characteristics to offer an improved LiDAR cloud-point sensor data (Li and Liang 2015; 
Cui et  al. 2019) for different target classifications. Moreover, the BRDFs often contain 
specular peaks that are several orders of magnitude higher than the nearby areas. There-
fore, it is required to apply certain transforms that help in compressing the raw BRDFs and 
reduces the overload of the signal processing modules. The currently available approaches 
used for BRDF representation are inefficient, particularly in terms of storage-cost as they 
require tens of thousands of coefficients to represent a BRDF accurately. One of the sim-
ple approaches is to take the logarithm of the BRDF measurements. Subsequently, a loga-
rithmic BRDF function is developed and used to measure the reflection coefficients of the 
silver tin-foil using the demonstrated PHRAD. It has been observed that the logarithmic 
BDRF reduces the specular peak at each wavelength and can be used as one of the simple 
and cost-effective approaches besides the other available complicated techniques (Tong-
buasirilai et al. 2020).
5  Conclusion
In this work, an FMCW-PHRAD is demonstrated to measure the target-range and radial-
velocity simultaneously and unambiguously for different scenarios to validate the effective-
ness of the reported work. Further, the possibilities of the established system are examined 
for target-characterization using five-parameters based BRDF function at different operat-
ing wavelengths and at different incident angles. The outcomes show a significant improve-
ment in range-Doppler response and peak-power for all the considered scenarios with the 
 V. Sharma et al.
1 3
 438  Page 16 of 18
demonstrated FMCW-PHRAD in contrast with the conventional FMCW-RADAR. Moreo-
ver, a BRDF function is used to analyze the light scattering characteristics of the target-
material. The investigation shows that the modeled FMCW-PHRAD at 1550 nm has the 
possibilities to be utilized to improve the colorization of the cloud-point data of the LiDAR 
sensor for the target-detection of different materials and dimensions. It is concluded from 
the outcomes that the simultaneously range and speed measurements depend upon the tar-
get-distance, target-speed, target-RCS, target-material, and incident-angle. Moreover, there 
are opportunities to explore the demonstrated system to be equipped with spatial-diversity 
schemes under the influence of different atmospheric conditions for different targets in 
more complex-scenarios as an extended work in the future.
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